Looking back over the century long research career of the fruit fly, Drosophila melanogaster has frequently been in the scientific spotlight with respect to fundamental discoveries in biology. The last decade witnessed the increasing importance of the fly as a human disease model but studies on energy homeostasis and lipometabolism remain in their infancy. This perspective, addressing readers largely unfamiliar with the Drosophila model system, aims to highlight the starting points for which the fly could be employed to gain a deeper understanding of lipotoxicity and possibly contribute to strategies for the identification of novel drug targets relevant to type 2 diabetes mellitus and the metabolic syndrome.
Drosophila as a model system for human diseases
The fruit fly has an excellent reputation as a cost-effective model organism with a comprehensive and versatile technical methodologies repertoire for gene identification and gene function analysis [1] . A short life cycle permits around 30 fly generations a year and allows rapid genetic screens, combinatorial genetics and genetic background adjustment -techniques indispensable for the analysis of complex metabolic phenotypes. Extensive fly stock collections providing access to thousands of mutant and transgenic fly strains complement Flybase, the excellent Drosophila research database [2] (www. flybase.org). These resources ease forward and reverse genetic screens [3] , which are still at the heart of fly research. Genome-wide gene expression profiles [4] (www.flyatlas.org), genome-wide RNAi technology in Drosophila cell lines and primary cells [5, 6] as well as in vivo [7] and conditional knockout technology [8] are more recent additions to the Drosophila researchers toolbox. The use of genetic mosaic animals is of outstanding value for the analysis of complex metabolic phenotypes arising from crosstalk between different tissues/organs. In this regard the fly system offers unparalleled spatio-temporal resolution either through the combination of RNAimediated gene knockdown with switchable in vivo expression systems [9] or by recombination-based genetic mosaic analysis [10, 11] . Beyond the talents of the Drosophila system for gene discovery and gene functional analysis, the fly has proven useful in neuropharmacological research [12] and chemical genetic screens have also been successfully performed, for example on a fly model for the human fragile X syndrome [13] .
Modelling human physiological and pathophysiological conditions in the fly (conceptually reviewed in refs. [14, 15] ) has been spurred by the surprising finding that around 70% of human disease genes have bona fide orthologues in the fly genome [16, 17] (superfly.ucsd.edu/ homophila). The Drosophila system is currently being used for basic and applied research on a broad spectrum of human pathologies including infectious diseases [18] , cancer [19] [20] [21] [22] [23] , seizure disorders [24] , drug abuse [25, 26] and neurodegenerative diseases [27] [28] [29] [30] , to name but a few.
Establishment of any fly model for a human disease is a two-step process. First, a fly model "patient" is created using reverse genetics, which involves either mutating the Drosophila orthologue of the human disease gene or "humanising" the fly via introduction of a transgene harbouring the desired human disease gene, which has no bona fide orthologue in the fly.
Second, the pathogenic process of all fly disease models then need careful analysis to assess the extent of the similarity between the human and the fly disease symptoms and progression; this can vary widely depending on the diseases under study and eventually determines the value of the model (as exemplified for neurodegenerative diseases in ref. [29] ).
Detailed analysis of the human disease fly model is also pivotal in the selection of an informative phenotypic readout amenable to largescale genetic screens to identify direct or indirect interactors of the gene of interest. A primary genetic screen aims to identify novel mutations, which phenocopy the human disease model phenotype. Alternatively the model itself may be used as the basis of a screen to identify modifiers (enhancers and suppressors) of the model phenotype. For example, general performance such as climbing or flight performance assays have been extensively used to identify muscle-or neurodegeneration candidate genes. Even organismal lethal mutations can be analysed in genetic modifier screens which employ genetically engineered mosaic flies to score genetic interactions exclusively in organs dispensable for fly survival such as eyes or wings [3] . In summary, modelling and analysis of human physiological and pathophysiological processes in the fly follows a multistep decision strategy. Therefore the question of whether or not the fly promises answers in the context of mammalian lipotoxicity research cannot be addressed without thorough prior comparative analysis to disclose the extent of common evolutionary heritage of organismal lipo-and carbohydrate homeostasis control.
Novices to the fly literature are advised with a cautionary note. Important metabolic studies in the fly have employed Drosophila larvae, transient ontogenetic stages dedicated to continuous feeding and growth. During the ensuing metamorphosis into the adult, the larval body plan is completely remodelled largely on the basis of proliferating and differentiating embryonic cell lineages, which replace many organs including metabolically important tissues such as the fat body. Accordingly, insights gained from larval metabolism studies need confirmation in the adult fly. An adult fly exhibits an intermittently feeding mode during its life, making this stage particularly suitable for research on progressive degenerative diseases such as lipotoxicity.
Mammalian lipotoxicity at a glance
According to the prevailing lipocentric view of the metabolic syndrome, lipotoxicity in peripheral tissues is the driving force behind the pathogenesis of insulin resistance and type 2 diabetes mellitus (T2DM). Therefore, obesity is regarded as the major risk factor for metabolic syndrome pathophysiology as high systemic levels of fatty acids (FAs) saturate the storage capacity of the adipose tissue resulting in "spill over." Such spill over results in triacylglyceride (TAG) accumulation in non-adipose tissues such as liver, heart, skeletal muscle and pancreatic islets. Ectopic neutral fat deposition in these tissues is exaggerated by excessive glucose-based lipogenesis in hyperglycaemia. Collectively, overstorage of lipids in non-adipose tissues drives FAs into non-oxidative, biosynthetic pathways causing accumulation of deleterious lipid metabolites such as ceramides. Subsequently, the plethora of reactive lipid metabolites trigger cellular dysfunctions, summarised as lipotoxicity effects, which eventually lead to skeletal muscle insulin resistance, liver steatosis, cardiomyopathies, pancreatic β-cell failure and ultimately to lipoapoptosis of the affected cells.
A potent lipoprotective strategy in mammals orchestrated by adipokines is coordinated FA utilisation and storage to cope with over-nutrition. In peripheral non-adipose tissues FA oxidation is stimulated and glucose-based lipogenesis is suppressed, whereas adipose tissue hyperplasia and hypertrophy "detoxifies" FAs through storage of surplus TAG. For example, leptin down-regulates the prolipogenic transcription factor sterol regulatory element-binding protein-1c (SREBP-1c) in the liver. Since SREBP-1c controls the expression of a number of lipogenic enzymes, including acetyl-CoA carboxylase (ACC), down-regulation of SREBP-1c causes a decrease in malonyl-CoA which in turn acts as an inhibitor of carnitine palmitoyltransferase-1 (CPT-1)-mediated β-oxidation of FAs. Additionally, β-oxidation can be stimulated by inhibitory phosphorylation of ACC by AMP-dependent protein kinase (AMPK), which monitors the energy status of the cells. Simultaneously hyperleptinaemia stimulates peroxisomal proliferator activated receptor-α (PPAR-α), which up-regulates enzymes of mitochondrial and peroxisomal FA oxidation as well as peroxisomal proliferator activated receptor-γ coactivator 1 α (PGC-1α), which controls mitochondrial biogenesis.
Does this delicate balance between pro-lipotoxic mechanisms and protective strategies maintaining lipometabolism homeostasis operate in the fly? To obtain an answer to this question readers are invited in the following paragraphs to look at man and mouse from the perspective that they represent model organisms for the fly and thereby to match the wealth of mammalian lipotoxicity information with the limited knowledge derived from the corresponding current research in Drosophila. By carrying out such an analysis, rather than a comprehensive overview on a research field in statu nascendi, it is hoped that decision guidelines of what to ask first in the attempt to employ Drosophila as a lipotoxicity model organism can be provided.
Of fly and man: Comparative anatomy of organismal energy homeostasis
Superficial inspection of the fly's anatomy with regard to mammalian lipotoxicity target organs is not encouraging, as Drosophila lacks a pancreas and liver. However, pancreatic α-cell functions are fulfilled by so-called corpora cardiaca (CC) cells [31] localised in a neuroendocrine organ named the ring gland, and insulin-producing cells (IPCs) analogous to the pancreatic β-cells are localised in the central brain [32] . Interestingly, a recent cell lineage analysis revealed that the molecular signature of embryonic CC cell and IPC progenitors in the fly shares similarities with progenitors of the mammalian brain-endocrine axis [33] . Though speculative at the moment, this finding opens the possibility that the brain endocrine regulatory modules are used for specification of the pancreatic islet cells, which would make them more related to their functionally analogous fly counterparts than otherwise anticipated given their clearly different ontogenetic origin and anatomic location.
The metabolic and storage functions of the mammalian liver are shared by two organ systems in the fly. While glycogen storage largely resides in the insect fat body, groups of cells located in the larval cuticle called oenocytes have been demonstrated to fulfil liver-like functions in lipometabolism [34] . Oenocytes express a variety of lipid metabolising genes and accumulate neutral lipids upon starvation as observed in mammalian hepatic steatosis.
Two other lipotoxicity target cell types appear more readily comparable between flies and mammals: cardiomyocytes and skeletal muscle cells. Cardiomyocytes build the so-called dorsal vessel, the linear heart tube of the fly, which pumps the insect blood through an open circulatory system. Continuously improved analytical systems have been developed to monitor heart performance of embryonic, larval and adult fly hearts [35] [36] [37] [38] [39] . An automatic screening device which can acquire adult fly heart rate and rhythm has been devised thereby enabling medium scale genetic screens [40] . With the availability of such multiparameter analytical devices, progressive, and particularly age-related cardiac dysfunction, has been studied (reviewed in refs. [41] [42] [43] ). Moreover, diverse human cardiac diseases have been modelled in the fly such as the GATA4 haplo-insufficiency [44] , arrhythmia [45] or dilated cardiomyopathy due to loss of dystrophin [46] . Notably, a cell-autonomous down-regulation of insulin signalling in the heart [47] or a systemic decrease in target of rapamycin (TOR) signalling [48] has been shown to prevent an age-dependent increase in fly heart failure. Thus, this rich tradition in studying degenerative cardiomyopathies combined with sophisticated technology to track cardiac performance clearly sets the stage to analyse potential lipotoxicity effects on Drosophila cardiomyocytes.
Drosophila myocytes serve all aspects the fly's terrestrial and airborne locomotion with an insects indirect flight muscles being among the metabolically most active tissues in the animal kingdom. Muscle development in flies and vertebrates is strikingly similar [49] and skeletal muscle myopathy Drosophila models have been established [50] including dystrophin/dystroglycan [51, 52] and sarcoglycan mutants [53] , a model for hypercontraction-induced myopathy [54] and a Barth syndrome model, which shows muscle weakness due to mitochondrial myopathy caused by cardiolipin deficiency [55] . However, the conditions and extent of intramyocellular lipid storage has not been systematically addressed in the fly.
A nodal point of energy homeostasis regulation in the fly is the fat body, named for its most prominent function in fat storage and serving as metabolic sink for dietary lipid similarly to mammalian adipose tissue. However as mentioned above, the fat body also governs substantial glycogen stores and has additional essential functions e.g. in the innate immunity response of the fly. Little is known about potential functions of the fat body as an endocrine organ in energy homeostasis control. In particular, there is no fly orthologue of the leptin gene. Nevertheless there is a requirement for a leptin-like humoral signal in the fly to communicate the energetic status of the fat body to the brain and other peripheral tissues. Identification of such a proposed fly leptin-analogue would also indicate whether an anti-steatosis function of fat storage tissue by remote-control lipogenesis repression and β-oxidation enhancement in non-adipose cells is an ancient evolutionary trait.
Organ plasticity is a characteristic of mammalian adipose tissue. In human individuals adipocyte cell number is determined at the preadult stage and kept constant by a tightly controlled equilibrium between adipocyte cell death and differentiation [56] . Adipose tissue responds to lasting positive energy balance by hypertrophy, although hyperplasia might also play a role in pathological conditions [57] . Similarly, the fly fat body consists of a defined number of cells during larval ontogenesis [58] and shows hypertrophy during larval and adult developmental stages; the occurrence of fat body hyperplasia is still under study. Similarly to mammalian adipose tissue, the adult fly fat body consists of different anatomically delimitable fat depots such as the deep and peripheral fat, and the head and abdominal fat body [59] . Little is known about functional diversification within the fly adult fat body, however, differences between insulin signalling in the head vs. abdominal fat body have been reported [60] .
Taking these observations together, namely the pancreatic isletlike IPC and CC cells of the brain and ring gland, respectively, and the hepatocyte-like oenocytes as well as the cardiomyocytes and skeletal muscle myocytes, Drosophila clearly has various cell types functionally analogous to mammalian lipotoxicity target tissues.
A tiny patient: physiology of lipo-and carbohydrate metabolism in the fly
The wealth of knowledge about all aspects of Drosophila biology makes the fly one of the best-studied animals but the information on its energy metabolism is relatively scarce. However, monitoring physiological parameters and pathophysiological dysfunctions of a "patient" 2-3 mm in size with a total blood volume of less than a microliter and meal sizes in the nanoliter range is certainly a challenge. Only recently developed sensitive methodology allows comprehensive energy flux analysis in the fly together with food intake [61, 62] , metabolic rate measurements [63, 64] and defecation [65] on a per animal basis. Although varying food quality composition has been studied in Drosophila in the context of dietary-restricted lifespan extension [66, 67] , precise measurement of food intake spurs nutrigenomics research [68] and has proved the occurrence of dietinduced obesity [69] and a circadian feeding rhythm in the fly [70] .
Several recent reviews are dedicated to the emerging role of Drosophila in energy homeostasis research [71] [72] [73] [74] . Two antagonistic and interacting signalling pathways control energy metabolism in the fly: the insulin pathway and the adipokinetic hormone (AKH) pathway. These two pathways govern the traffic and interconversion of the two central energy currencies, carbohydrates (transport forms: trehalose, glucose; storage form: glycogen) and fats (transport form: diacylglycerol; storage form: triacylglycerol). The major source for Drosophila insulin-like peptides (DILPs) are the pancreatic islet β-cell-like IPCs in the central brain. Ablation of IPCs causes increased blood sugar levels in Drosophila larvae, which can be corrected by expressing insulin-like DILP2 [32] . The glucagon-like AKH is secreted by corpora cardiaca (CC) cells, which show striking similarity to islet α-cells in sensing glucose concentrations and controlling hormone secretion via ATP-sensitive potassium channels [31] . Ablation of AKHpositive CC cells decreases the blood sugar level in larvae, which can be ameliorated with systemic AKH expression [31, 75, 76] . Conversely, inactivation of the AKH receptor has been reported to increase glycogen [77] as well as fat storage [77, 78] in flies. Insulin signalling is also intimately linked to lipometabolism in flies as exemplified by the identification of the LIP4 acid lipase as a transcriptional forkhead box, group O (FOXO) target gene [79] . Moreover, lipid storage increase by insulin pathway activation in non-adipose cells has been demonstrated in oocyte nurse cells [80] .
Basic insect lipometabolism (reviewed in ref. [81] ) closely resembles the corresponding mammalian pathways including central regulatory switches such as SREBP in lipogenesis [82, 83] , hepatocyte nuclear factor 4 (HNF4) in lipocatabolism [84] or the ACC phosphorylation by AMPK in response to ATP depletion [85] . The central components of the TAG storage homeostasis are also evolutionarily conserved as exemplified by the lipid understorage of midway mutants lacking fly diacylglycerol O-acyltransferase 1 (DGAT1) (ref. [86] and Kühnlein unpublished) and by the obesity of brummer mutant flies [87] lacking the Drosophila orthologue of mammalian adipose triglyceride lipase ATGL/PNPLA2 (reviewed in ref. [88] ). Loss of ATGL function causes systemic TAG accumulation in mice [89, 90] and neutral lipid storage disease in man [91] . Triglyceride storage is a prime example of how a phenotypic readout can be used by various experimental strategies in Drosophila to identify candidate genes relevant to human disease. Genome-wide RNAi knockdown screens in Drosophila cell culture identified the retrograde coat protein complex I (COPI) vesicle transport system as a critical determinant for cellular lipid storage [92, 93] . At the whole organismal level, quantitative trait loci (QTL) mapping of recombinant inbred lines for body lipid content is being employed to identify candidate genes [94, 95] . Finally, characterisation of the molecular defect in the spontaneous fly mutant adipose [96, 97] let to the identification of the genes mammalian orthologue WDTC1 as a novel obesity gene in mouse [98] and man [99] .
In addition to lipid storage disorders, neurodegenerative diseases caused by lipometabolism defects such as the Niemann-Pick disease type C [100, 101] are being studied in the fly. This emphasises once more the relevance of evolutionary conservation between flies and man with respect to metabolism (for an extended view on evolutionarily conserved genes affecting lipometabolism see Table 1 ).
Lipotoxicity effector genes and pathways in Drosophila
Reactive oxygen species (ROS) are regarded as major lipotoxicity mediators of peripheral insulin resistance. ROS are unwanted byproducts of normal mitochondrial function and cause peroxidation of lipid metabolism intermediates, which accumulate and cause oxidative damage to proteins and nucleic acids resulting in, for example, mitochondrial dysfunction and apoptosis. A lipid peroxidation assay quantifying 4-hydroxy-2-nonenal (HNE)-oxidised proteins has been adapted for Drosophila [102] . This study identified the fat body, thoracic muscles and neurons as major lipid peroxidation target tissues in response to induced oxidative stress. Moreover, the authors showed that lipid peroxidation damage accumulates in aging flies and can be delayed by calorie restriction. A similar study showed progressive apoptosis in ageing muscles and fat body cells [103] . Consistent with this, peroxiredoxin 5 protects oenocytes and muscles from apoptosis in adult flies [104] , and superoxide dismutase 2 (SOD2) knockdown in the adult fly musculature induces mitochondrial dysfunction and myocyte degeneration [105] .
Taken together these reports provide ample evidence of oxidative damage sensitivity of putative lipotoxicity target tissues in the fly.
The role of mitochondrial uncoupling proteins (UCPs) in mammalian lipotoxicity is still under discussion. For example, UCP1 overexpression in skeletal muscle improves glucose metabolism but causes mitochondrial myopathy and intramyocellar TAG accumulation [106] . Muscle UCP3 protein is upregulated upon high-fat feeding or in a rat cachexia model characterised by increased oxidative stress and plasma free FA ( [107] ; also reviewed in ref. [108] ) and is believed to act as a lipoprotective in mitochondria by exporting unoxidised FAs from the mitochondrial matrix [109] . On the other hand, a lack of UCP2 has been found to protect pancreatic β-cells from FA-induced lipotoxic effects such as TAG accumulation and loss of glucose sensitivity. Conversely, β-cells overexpressing UCP2 suffer from reduced glucose-simulated insulin secretion [110] . Flies lack orthologues of human UCP2 and UCP3 [111] but conservation of mitochondrial uncoupling has been demonstrated for the Drosophila UCP5 homologue [112] . Consistent with this, human UCP2 (hUCP2) expression in fly neurons reduces ROS production and oxidative damage [113] . Additionally, human UCP3 (hUCP3) is capable of mitochondrial uncoupling in flies and its targeted in vivo expression in β-cell-like IPCs increases DILP abundance [114] by an unknown post-transcriptional mechanism. These data suggest that endogenous UCP function might be relevant for insulin-secreting cells and as such an attractive means to decipher the function of uncoupling proteins in lipotoxicity.
Steaoryl-CoA desaturase-1 (SCD-1) is the rate-limiting step in the production of monounsaturated fatty acids from saturated precursors and has been shown to protect various mammalian cell types from lipotoxicity. For example, SCD-1 protects primary human endothelial cells against palmitate-induced lipotoxicity and apoptosis [115] and prevents steatohepatitis in mice [116] . Conversely, inhibition of SCD-1 by conjugated trans-10, cis-12 linoleic acid augments saturated fatty acid-induced ER stress and apoptosis in H4IIE liver cells [117] . Similar to SCD-1 knockout mice [118] , flies mutant for the Drosophila SCD-1 orthologue desat1, have a dramatically reduced lipid content [119] . However, a possible involvement of desat1 in ameliorating lipotoxicity has not yet been addressed.
Ceramide is a potent apoptosis inducer [120] and has been implicated in lipoapoptosis of different target tissues susceptible to lipotoxicity. For example ceramide is involved in lipotoxic cardiomyopathy [121] [122] [123] and FA-induced pancreatic β-cell apoptosis [124, 125] . Moreover, ceramide can trigger nitric oxide (NO) mediated apoptosis through NF-κB-dependent expression of inducible NO synthase (iNOS) in β-cells [126] . Finally, ceramide might contribute to insulin resistance by inhibiting glucokinase transcription in hepatocytes [127] .
In Drosophila the key sphingolipid metabolism enzymes, including those of the ceramide biosynthetic pathway, are conserved [128, 129] . Studies in the fly have supported the role of sphingolipid/ ceramide as apoptosis mediators. Knockdown of glucosylceramide synthase increases ceramide and apoptosis levels in flies [130] . Similarly Drosophila sphingosine-1-phosphate lyase (Sply) gene mutants accumulate sphingolipid intermediates and show increased apoptosis in embryos and gonads, as well as flight muscle abnormalities [131, 132] . Conversely, targeted overexpression of ceramidase suppresses different photoreceptor degeneration pathways in flies, including apoptotic cell death [133] . In summary, the current data suggest that it would be useful to study the lipoapoptotic pathways involving sphingolipids/ceramide further in the fly although their relevance for fly tissues involved in energy metabolism remains to be demonstrated.
Endoplasmatic reticulum (ER) stress is an increasingly acknowledged contributor to lipoapoptosis. ER stress has been implicated in FA-induced apoptosis of various susceptible cell types such as pancreatic β-cells [134] , H9c2 cardiomyoblasts [135] and H4IIE liver cells [117] . Moreover, ER stress and the counteracting unfolded protein response (UPR) have been implicated in intestinal cell lipotoxicity [136] . In Drosophila, ER stress and UPR protection is being studied in the context of retinal degeneration [137,138; [140] . Perilipin is the founding member of the PERILIPIN protein family [141] consisting of evolutionarily conserved lipid dropletassociated proteins with central functions in fat storage and mobilisation (reviewed in refs. [142] [143] [144] ). Interestingly, overexpression of PERILIPIN (PLIN1) protects INS-1 rat β-cells against palmitatetriggered lipotoxicity [140] . This suggests that PERILIPIN-dependent TAG storage in non-adipose tissue might represent a more general protective strategy against lipotoxicity. Notably, both of the Drosophila PERILIPINs PLIN1/LSD-1 and PLIN2/LSD-2 control body fat storage in the fly ( [145] [146] [147] ; and Kühnlein, unpublished) and PLIN2/ LSD-2 has also been demonstrated to govern cellular TAG stores outside the fat body, i.e. in wing imaginal disc cells and oocyte nurse cells [80, 148] . However, the expression and function of PERILIPIN proteins in potentially lipotoxicity-relevant fly tissues remains to be addressed.
Perspectives of lipotoxicity research in the fly
As detailed above, the key factors and mechanisms involved in mammalian lipotoxicity progression are conserved in those tissues/ organs of the fly with functional analogy to lipotoxicity target tissues in mammalian model systems and man. Moreover, current technology in Drosophila allows monitoring of critical lipotoxicity-relevant physiological and pathophysiological parameters. Yet, the major phenotype of lipotoxicity, namely excessive lipid storage in metabolically relevant non-adipose tissues, has not been systematically addressed in the fly. Nor have Drosophila studies covered the potentially adverse chronic effects of elevated circulating blood sugar and lipid levels in response to either over-nutrition or genetic manipulations. Only when such studies are conducted can Drosophila promise to become an informative and useful model system in which lipotoxicity research questions can be addressed.
The fly is a particularly attractive system to study two of the known mammalian lipotoxicity target tissues. On one hand, the phenotypic consequences of the functional impairment of β-cell-like IPCs are being studied in the context of life span extension. And on the other, cardiomyocytes with their outstanding technical accessibility provide the means to detect degenerative processes in vivo. In addition to in vivo studies in the organism itself, the steadily growing number of stable Drosophila cell lines (available from the Drosophila Genomics Resource Center (DGRC); dgrc.cgb.indiana.edu), as well as differentiated primary culture cells such as myocytes [149] , promise new experimental approaches to lipotoxicity research in the fly in the near future.
